Abstract. This study demonstrates the feasibility of a minimally obtrusive wearable system that can assess cognitive performance continuously throughout normal life activities by excitation of the peripheral nervous system and detection of the central nervous system response. The new concept was tested with one possible implementation as a device the size of a wristwatch which interrogates the subject by means of haptic excitation (vibration) and records the responses (subtle hand movements detected by accelerometers). The system was programmed to performed simple reaction time trials and was tested with ten volunteers during eight hours of their normal daytime activities. Results indicate that the volunteers responded properly to most of the interrogations (>95%) and that the impact of the device on everyday activities was not significant. The ability to assess cognitive capabilities of individuals continuously during everyday activities could have far-reaching implications for diagnostics and treatment of many different neurological conditions.
Introduction
There are different situations in which it would be valuable to assess the cognitive capabilities of individuals continuously, throughout the course of normal daily activities. For example, elderly population at risk of developing Alzheimer's disease, diabetic patients under hypoglycemic risk (Strachan et al., 2001) , neuro-toxicology studies (Vardycognitive tests and analyze the subject response to a test. Their analysis is specific. Currently, cognitive assessment of the "interactive" type is performed with tests that can be automated with computers (Stollery, 1996 , Dwolatzky et al., 2003 , Elwood, 2001 . Quite interestingly, it has been recently shown that different computer games could serve as "interactive" systems for assessment of cognition (Jimison et al., 2004) . Moreover, following current trends of computer miniaturization and pervasiveness, embedding cognitive assessment in smaller computers that can be used anywhere and any time has been attempted; Personal Digital Assistants (Bassett and Dabbs, 2005, Thorne et al., 2005) , mobile phones (Morris et al., 2005) and watch-sized devices (Lieberman et al., 2007) have been already been proposed for such a purpose. However, while all the "interactive" methods currently in use are very valuable under the circumstances in which they are used, they interfere in some way with normal life activities. For instance, with computer games, the cognitive assessment is performed during the game only. With mobile computers, the interactive systems are designed in such a way that the users must stop whatever activity they are doing in order to watch a display and involve themselves actively in the test by pressing buttons. The interactive nature of the systems currently available is obtrusive to normal life activities. As a consequence, the examination rate is constrained and truly continuous assessment is not possible. Therefore, while "interactive" technologies can be made well defined and specific unlike the "passive" modes they are obtrusive and interfere with normal life processes.
The goal of our research is to develop a third type of cognitive tests and technologies that are "interactive" and "minimally obtrusive", therefore having some of the advantages of both the "interactive and the "passive" types. The technology must have two main attributes: a) It must be able to deliver interactive cognitive tests in which the response of the central nervous system to interrogation is measurable, quantifiable and triggered by a well defined stimulus, and, b) These tests must be continuously administered throughout the course of normal life activities in a minimally obtrusive way.
To generate a cognitive assessment technology with the attributes listed above we have designed a system that operates in a closed loop between the device, the peripheral nervous system, the central nervous system and back to the peripheral nervous system and the device. The following are some of our considerations in designing the system. The minimally invasive interactive cognitive test requires a method and a device to interrogate the cognitive capabilities of the subject and a method and a device to detect and evaluate the response. Interrogation can be achieved through excitation of any of the subject's senses. Vision and hearing are the most intrusive and interfere most with normal life activities. Smell, taste and haptic excitation of the peripheral nervous system are less intrusive. Therefore, in this study we decided to focus on the haptic excitation of the peripheral nervous system as a means of interrogation of the central nervous system. To accomplish this, we developed a watch-like device that performs interrogations by means of vibrations. Other haptic stimulation methods that have been proposed in the past for user-machine communication, such as electrical stimulation (Kaczmarek et al., 1991) , could also be employed here. Closing the loop between the central nervous system, the peripheral nervous system and the device should be an action of the subject that requires cognition. Probably the most unobtrusive action driven by cognition is a discrete and defined motion. In our system, the watch-like device was designed to detect a user's response in the form of subtle hand movements, by accelerometers imbedded in the device. Besides accelerometers, there are other sensing systems suitable to quantify movements, such as gyroscopes and magnetic field sensors (Roetenberg et al., 2007) . In summary, the system we have developed in this study consists of a minimally obtrusive watch-like device that interrogates the central nervous system through haptic excitation of the peripheral nervous system and evaluates the performance of the central nervous system though evaluation of the discrete motions detected by the same watch-like device.
This report has several goals. The first goal is to introduce the concept of a device and technology that can perform minimally obtrusive interactive interrogation of the brain. The second is to describe the design criteria and the engineering design of the device. The third goal is to conduct a feasibility study to test the ability of the proposed interactive technology to assess in a minimally obtrusive way cognitive functions throughout the normal life activities of a normal human subject. Specifically, as part of the third goal we were interested to investigate, from a design perspective, how robust the device was and if it could function effectively for long periods of time while being worn by users that have no technical knowledge of the device. From a methods perspective we wanted to determine if it is feasible for subjects who lead a normal active life to interact with the device during prolonged periods and if the device can produce relevant cognitive information during these periods. This first order feasibility study was performed with ten college students who wore the device for 8 hours during their normal life activities.
The simple system that we have developed offers many possibilities for experimentation. By means of inertial sensors, or other movement detection sensors, it is possible to classify and to quantify different movements. Likewise, it is possible to generate different haptic stimuli by changing the frequency or length of the vibration. This flexibility makes it possible to design and implement different sorts of tests intended to assess specific cognitive capabilities. For example, a simple test for short term memory assessment could be as follows: after the stimulus from the device (vibration) the users must reply as soon as possible by turning their wrist in the opposite direction they turned it in the previous interrogation performed, for instance, 30 minutes before. In this case, both response time and accuracy could be assessed. A variety of different tests can be designed. Nevertheless, for the sake of simplicity, in this first test of the concept, we decided to implement the simplest of all quantitative cognitive tests: the Reaction Time test.
Reaction time
Reaction Time (RT) has been an object of study by experimental psychologists since the nineteenth century ((Jensen, 2006) , p 3). Simple RT (SRT) is defined as the elapsed time between a stimulus (e.g. activation of a light or a sound) and the voluntary reaction (e.g. pushing a button) performed by the individual being tested. There are other modalities of RT tests such as the Choice Reaction Time (CRT) test in which the individual must choose what action to perform depending on the presented stimulus.
For the sake of simplicity we decided to implement the SRT as the first cognitive test to be assayed with the present wearable device. However, there are at least three other good reasons to choose SRT instead of other possible cognitive tests: 1) there are numerous studies denoting relationships between SRT and different conditions or pathologies of interest (Posner and Rueda, 2007 ) (we briefly summarize below the main conclusions from some of those studies); 2) the effects of practice on SRT are not noticeable after 10 trials (i.e. RT is not reduced) whereas in CRTs the practice effect persists over 10000 trials ((Jensen, 2006) , p 48); and 3) SRT tests are probably the less obtrusive of all cognitive tests.
It is well known that RT depends on age; RTs shorten from childhood to the 20s, then lengthen slowly until the 50s and thereafter lengthen more rapidly (Welford, 1988) . Sudden increases of RTs can be the result of some disorders such as depression (Naismith et al., 2003) or Parkinson's disease (Gauntlett-Gilbert and Brown, 1998) . According to Jensen ((Jensen, 2006) , 235), measurement of RT, compared to conventional psychometric tests, is especially well suited for clinical purposes (e.g. monitoring of brain pathologies that affect cognition or monitoring the response to treatments) because of its high sensitivity and its repeatability. The main drawback of RT measurement would be its lack of specificity. Therefore, RT measurement would be a proper tool for monitoring pathologies but not for diagnosis.
RT is known to be higher in individuals exhibiting dementia from Alzheimer's disease (Pirozzolo and Hansch, 1981) . Indeed it has been stated that RT may be the most sensitive to dementia of all neuropsychological tests (Lezak, 1995) . However there are studies that show that RT is not always impacted during the early stages of dementia and question the feasibility of RT measurements for diagnosis of dementia (Storandt and Beaudreau, 2004) . Unfortunately, we have not been able to locate any study trying to assess RT continuously as a method for dementia diagnosis or patient follow-up.
It is interesting to note that within the elderly population a correlation between RT and the risk of falls has been found (Lajoie and Gallagher, 2004) . Both fallers and nonfallers were studied, and it was conclusively found that non-fallers have a lower RT. The results of this experiment were exceptionally useful for health care professionals to identify and monitor the elderly in nursing homes and hospitals.
Certain drugs and substances have an immediate impact on cognitive capabilities. For instance, numerous studies have found that the influence of alcohol slightly increases RT. As the amount of alcohol consumed increases, the impairment progressively worsens. Average RT for each individual increases from 10% to 25% after a moderate dose of alcohol (blood alcohol concentration of about 80 mg/100 ml) (Maylor and Rabbitt, 1993) .
Thus, while the RT test developed in this study is the simplest test, it has potential applications in many of the situations listed above
Materials and methods

Device description
The implemented prototype fits into a small translucent plastic enclosure (55 mm × 35 mm × 15 mm) that is fastened to the user's wrist by means of a strap (see Figure 1) . Its general architecture is depicted below (Fig. 2) . The device is governed by a low cost RISC microcontroller (PIC16F689 by Microchip Technology, Inc.) that can be programmed on board through an In-Circuit Serial Programming (ICSP) interface. The peripheral components of the microcontroller are: 1) a vibration motor (MV4020-13HL by Project Unlimited, Inc.) for generating the stimulus, 2) two accelerometers (ADXL202 by Analog Devices, Inc.) for detecting wrist movements and 3) a 256 Kbit non-volatile memory (24LC256 by Microchip Technology, Inc.) for storing the resulting RT scores. Power is drawn from a single nickel-metal hydride battery (HHR70AAAJ by Panasonic, Inc.) with a nominal voltage of 1.2 V and a capacity of about 700 mAh. The 3.3 V required for powering all the other components (microcontroller, sensors, motor and memory) are obtained by means of a step-up DC-DC switching regulator (MAX866 by Maxim Integrated Products, Inc.). A single 10-terminal connector is employed to communicate with an external computer (data downloading, memory erasing and sensor calibration), to provide ICSP and to charge the battery. The total weight of the device is 29 grams. The embedded software performs the following sequential operations after powering up the device: 1) waits a pseudo-random number of minutes before executing an RT test, 2) executes an RT test (see Fig. 3 and next paragraph), 3) stores result from the RT test and 4) goes to step 1. At any moment the program flow can be interrupted by commands from an external computer requesting calibration, memory erasure or data download.
Current RT tests usually contain a Preparatory Stimulus (PS) followed by a random interval before the stimulus to which the user must respond, that is, the Reaction Stimulus (RS). In previous studies performed in controlled conditions, it has been found that without a PS the trial-to-trial RTs are more variable ((Jensen, 2006) , p 46). This will probably be more pronounced with the tested device because the interrogations are performed at any time during normal life activities. Hence we considered it necessary to include a PS. Our system was programmed for a PS which consisted of an 800 milliseconds long vibration. This was followed by a pseudo-random interval of 4 to 8 seconds after which the RS vibration was applied (see Figure 3) . The RS vibration was 65 ms long. The reaction required from the user was a wrist turn and it was detected by measuring the differential acceleration between the signals from two accelerometers located at both sides of the wrist turn axis (separation distance = 2cm) that were sampled at 122 Hz. That is, the functionality of a gyroscope was implemented with two accelerometers (see Figure 2) . When the differential acceleration surpasses a predetermined threshold (~ 0.44 g = 4.3 m/s 2 ) the user is considered to have reacted. The user is not expected to produce substantial wrist movements during the warning interval between the PS signal and the RS signal. If any movement occurs during this time interval it would be an indication that either the user did not notice the PS and continues performing some sort of activity that implies hand movement, or the user decides that he or she is not ready to reply properly to the test and turns his or her wrist repeatedly to denote this situation. RT measurements from any of these cases must be ignored. For that reason, the device contains a mechanism to indicate whether significant movement was detected between the PS and RS signals. During the whole warning interval the device samples the absolute value of the differential acceleration (sampling rate = 122 Hz) and when it goes beyond a programmed threshold (~ 0.2 g = 1.9 m/s 2 ) increments a software variable by one unit. The final value contained in that variable is stored in the memory along with the measured RT. Afterwards, during the analysis of the downloaded data, it is considered that there was excessive intentional or unintentional movement before RS if that variable is higher than 50. The sensitivity and the dynamic features of the acceleration sensors (ADXL202 by Analog Devices, Inc.) are suitable for the application considered here. However, these sensors suffer from significant offset that needs to be corrected or compensated for in order to achieve reliable wrist turn detection. Hence, as part of the manufacturing process, we implemented the following calibration procedure after programming the microcontroller: the device is placed horizontally on a flat surface (so that actual acceleration in both x axes is equal to -9.8 m/s 2 , that is, equal to gravity) and then a command is sent from the external computer so that the measured values are stored in the EEPROM. Then, during normal operation, those offset values stored values are subtracted from all measurements.
The device has mechanisms to switch off some specific components (ADC and accelerometers) during the periods between interrogations so that battery charge can be preserved. For the sake of simplicity the software implemented for the study described in next sections did not make use of those capabilities and the battery lasted for more than 70 hours. We estimate that when these power down capabilities are used the battery could last for more than a week if interrogations were performed in intervals greater than every 5 minutes.
Study description
As indicated in the introduction, the experimental study is a feasibility study on the ability of the proposed system to assess in a minimally obtrusive way the cognitive functions throughout the normal life activities of a human subject. From a design perspective, we were interested in assessing how robust the design of the device is and if it can perform for long periods with users that have no technical knowledge of the device. From a methods perspective, we wanted to determine if it is feasible for subjects that lead a normal active life to interact with the device during prolonged periods and if the device can produce relevant cognitive information during these periods. This first order feasibility study was performed with ten college students that wore the device for 8 hours during their normal life activities. This study was approved by the University of California at Berkeley Committee for Protection of Human Subjects (CPHS # 2007-3-25) .
In addition, we have assessed how many times the volunteers refused, or failed, to respond to interrogations. Moreover, volunteers filled out a questionnaire focused on their perception of the use of the device.
Ten volunteers (7 women and 3 men; age range 21-25) altruistically participated in this study. After a very short instruction and training period (less than 10 minutes) volunteers left our laboratory wearing the device for 8 hours on the left wrist in order to minimize impact on life activities (all volunteers were right-handed). These eight hours coincided with their normal period of activity in school. The device was programmed to generate interrogations each minute for the first 15 minutes (as training period) and then the interrogation intervals changed pseudo-randomly between 5, 20 or 40 minutes. The total number of RT interrogations for the 8 hours period was 33. The volunteers had the option to stop participating in the test at any moment and to refuse to interact with the device at any time they chose.
After the 8 hour period, volunteers removed the device themselves and, afterwards, returned it so that we could download the data and recharge the battery for the next volunteer.
Volunteers were informed that the objective of the study was to monitor RT evolution during their normal life activities but they were not told of our main objective. This was done because in a clinical situation the subjects will be motivated to use the devices and we wanted to provide this incentive.
In addition, the volunteers also filled out a short qualitative questionnaire regarding the device that included the following questions: 1) How did the people around you react to the device?, 2) Did the device interfere with any daily activities?, 3) Were there any external effects that prevented you from reacting as quickly as you might otherwise?, and 4) Would you wear this device to stay alert while driving?
Results
The main quantitative results from the study can be summarized briefly. First, there was no technical failure of the devices during the tests. In addition, all the ten participants pursued the test for the entire eight hours and did not ever withdraw from the test. The participants reacted properly to 95.5 ± 4.5 % (mean ± standard deviation) of the RT interrogations. They failed to react properly (not responded or RT > 1 second) to 3.0 ± 2.8 % of the interrogations. They produced unreliable measurements (excessive movement activity during the warning interval) in 1.2 ± 2.1 % of the occasions. Figure 4 shows an example of RT evolution during the 8 hour period. Note the short interrogation intervals (1 minute) at the beginning for training purposes. At minute 300 the participant failed to respond to the interrogation. It is interesting to note that no observable drift in RT is observed either in this case or in the case of other volunteers. This indicates that practice does not improve SRT significantly, as was mentioned in the introduction. The scattering of measured RT values in Figure 4 is quite noticeable and it becomes larger if the RT measurements from all volunteers are combined. This is shown in Figure  5 , where the bars correspond to the histogram of RTs for all volunteers. However, such variance in measurements, or lack of repeatability, is expected; it is on the same order as that found in more standard reaction time studies. To illustrate that, in Figure 5 our measurements have been superimposed with the scaled histogram for visual RTs produced by an online tool (http://www.humanbenchmark.com/tests/reactiontime) for more than 150,000 trials (the dark line). A similar pattern is observed in both cases. The distribution of RTs is not symmetrical and there seems to be a minimum threshold value. However, two significant differences are observed: 1) the most common value for visual RTs is around 200ms whereas for our device it is 300 ms and 2) the distribution with our device is significantly broader. The discrepancies between RT distributions for the presented device and the visual stimulation ( Figure 5 ) could be caused by differences in the sort of stimulus and the sort of reaction. It is a well known phenomenon that the sort of stimulus has a significant impact on RT distribution (Luce, 1986) . Nevertheless, we must point out that our statistical analysis is based on a very small data set and therefore it is limited. The analysis of the response to the cognitive device is clearly an area of research that needs to be explored. Responses to the questionnaire on this feasibility study have no statistical significance and should be considered as anecdotal data. It was found that: 1) 6 out of 10 volunteers reported that people did not notice the device or the reaction movements (most volunteers wore long sleeves), 2) 9 out of 10 reported that interrogations did not interfere significantly with the volunteers' normal life activities, 3) 4 out of 10 reported that talking was the activity which most interfered with the test, since, after the preparatory stimulus, volunteers had to switch their attention from what they were saying to the device and 4) 7 out of ten volunteers did not think that this sort of device should be employed to stay alert during driving.
Discussion and conclusions
Our analysis of cognition evaluation technologies has indicated that they are primarily of two types: a) the subject has a passive role in relation to the measurements and b) the subject has an interactive role concerning the measurements. The first type can be made non-obtrusive or minimally obtrusive while the second type is obtrusive with respect to the normal daily activities of the subject. The first type cannot be used to deliver welldefined cognitive tests and the second type can. This paper explores the hypothesis that a third type of cognitive technology, in which the cognitive tests can be well-designed and the subject has an interactive role in measurements while the device is minimally obtrusive, could be possible and may become valuable. This study was designed as a feasibility test of the device and the underlying concept. It has produced encouraging results and has also identified issues that require further investigation.
The device functioned as intended with all ten subjects of the experiments and all the subjects successfully participated in the eight-hour long test while carrying out a normal active life. The high rate (>95%) of successfully performed RT tests indicates that this sort of device and strategy for continuous cognitive assessment is feasible. However, this mode of minimally obtrusive and haptic cognitive interaction was not studied before. Therefore, fundamental research remains to be done in order to fully characterize these types of tests.
The qualitative survey suggests that 20 minute interrogation intervals were well tolerated by volunteers. Yet it is necessary to admit that the cognitive test employed here is probably the least obtrusive of all imaginable tests and that the total consumed time per test was less than 10 seconds. Therefore, we cannot conclude from this study that longer and more complex tests will also be tolerated. Furthermore, even in these tests some of the subjects expressed discomfort with the test in some situations, such as during a conversation. The goal of this survey was purely qualitative. Obviously statistically significant research has to be done on how well subjects tolerate the minimally obtrusive interactive cognitive assessment technology and perhaps to identify conditions that are better tolerated than others are. It should be emphasized that this study was performed on a highly active population, students during daily scholastic activities. It is difficult to extrapolate to a target population of elderly or sick. Such studies as well as many others remain to be done. .
The study reported here is a first order feasibility study of a new concept in cognition evaluation. As such, it has demonstrated the feasibility of the concept. Furthermore, there seems to be evidence that even the preliminary mode developed in this study could have immediate clinical applications in the various studies denoting relationships between SRT and different conditions or pathologies of interest listed earlier in this paper.
